The context of this study is the physical modeling of speech production. The first step of our approach is to realize in-vivo measurements during the production of the vowel-consonant-vowel sequence /apa/. This measurements concerns intra-oral pressure, acoustic pressure radiated at the lips and labial parameters (aperture and width of the lips) derived from a high-speed video recording of the subject face. In a second time, theoretical models from speech production literature are under investigation to predict the air flow trough the lips. A model is validated by comparing his predictions with results obtained from measurements on a replica of phonatory system. Then, the same experimental set-up is used to introduce an aerodynamic model of supraglottal cavity expansion. Finally, we achieve numerical simulations of a vowel-bilabial plosivevowel utterance, by using these models. Simulation results highlight the influence of the cheeks expansion during the production of bilabial plosives.
INTRODUCTION
For speech production studies, physical modeling aims at identifying the mechanisms involved and to characterize their importance. The goals are to understand the physical phenomena involved and to achieve modeling in order to predict their consequences. Speech sound signals can be synthesized using numerical simulations based on theoretical models. One of our motivation is to discriminate between the phenomena that are directly and deliberately controlled by the speaker (articulatory motion for example) and those induced by a physical effect.
In this study, we focus on bilabial plosives, especially on the air flow and fluid-walls interaction in the part of the vocal tract downstream of the glottis. During the production of vowel-bilabial plosives-vowel sequences, air flow supplied by the lungs is stopped by the closure of the lips, which causes an increase of the intra-oral pressure. At the release of the occlusion made by lips, this over-pressure is responsible for the formation of jet which causes an audible acoustic disturbance ("burst"). As vocal folds oscillations are driven by pressure difference across the glottis, a volume variation in the upper part of the vocal tract as an influence on voice onset time. According to Westbury (1983) , enlargements of the supraglottal cavity helps to sustain oscillations during a voiced stop consonant.
Inthefirstpartofthispaper ,wepresentin-vivo measurements of an /apa/ utterance. Then two theoretical air flow models are exposed and validated against experimental results obtained from measurements on a replica of phonatory system. This experimental setup allows us to introduce an empirical model to link intra-oral pressure and supraglottal cavity volume. Finally, numerical simulations of a vowel-bilabial plosive-vowel sequence are performed using the air flow model validated before, and compared to in-vivo measurements.
MEASUREMENTS ON SPEAKER FOR AN /APA/U TTERANCE Experimental Set-up
In-vivo measurements for an /apa/ utterance are realized using a high speed camera (Mikrotron, EoSens Cube7), a cardioid microphone (AKG C1000S) and a differential pressure sensor (Endevco, 8507c-2). These measurements concern :
• Lips parameter derived from the video recording of the subject face : lips with A and lips height B,
• Acoustic pressure P a radiated at the lips,
• Intra-oral pressure IOP, measured by a probe tube of length 1.2 m and of diameter 5 mm, inserted inside the mouth cavity.
The sampling rate of the camera is set to 500 Hz in order to measure accurately times at the closure and the opening of the lips. The video signal is synchronized to pressure signals by the means of a trigger signal, send from the A/D converter to camera. The pressure sensor used to measure IOP is calibrated using a water column manometer.
Data Analysis
Lips parameters are extracted by a semi-manually method : edge of intero-labial lips area, computed using the Canny edge detector, is plotted over the picture, then A and B are obtained by clicking manually on each corner of the lips contour. The calibration from pixels to centimeters is performed using a 4 mm long benchmark grid, hold between the lips. An example of results is presented in figure 1 . 
EXPERIMENTAL VALIDATION OF A FLOW MODEL

Theoretical Models
We present here two quasi-steady theoretical models to describe the air flow through the lips during a plosive. These models are used by Deverge et al. (2003) to predict air flow in the glottis. We assumed that the lips shape is rounded, figure 2 illustrates this geometrical model. The height h(x) of the lips constriction along the flow direction is given by
where h ℓ is the minimum height of the channel, for x = R.
Bernoulli Equation Corrected for Friction
The corrected Bernoulli model is composed of the inviscid Bernoulli equation and an additional term ∆P ν (x) coming from the lubrification theory of Reynolds and accounting for viscous losses. As the height of the mouth constriction is large compared to lips height h ℓ ,the flow velocity upstream to the lips constriction is neglected, the corrected Bernoulli equation becomes : 
This model takes into account the formation of a jet in the divergent part of lips constriction. We assume here that the pressure downstream to the separation point is equal to the atmospheric pressure, P(x > x s ) = 0, where x s is the separation point abscissa. We make the assumption that the position of the separation point depends only on the channel geometry and we choose a semi-empirical criterion to predict x s : h s = h(x s ) = αh L with α = 1.1. The abscissa of the separation point can be computed analytically using this criterion and equation 1 :
The quadratic equation given by (2) is solved by applying the Bernoulli equation between the beginning of the constriction (x = 0) and the separation point (x = x s ). Giving volume flow velocity Φ V , we can computed the pressure P(x) using equation 2 between x and x s ,withx < x s . The term ∆P ν (x), accounting for viscous losses is computed by numerical integration.
Boundary Layer Model
The boundary layer theory assumes that the flow is separated in two different parts : a first one, far enough from the wall, within flow is considered to be frictionless and unidimensional and a second one, called the boundary layer, within which the flow is two-dimensional and viscous. Under the assumption of a thin boundary layer and the equality between viscous and convectional terms, the flow may be predict using the Von Kàrmàn integral formulation, which cannot be solved analytically in case of a complex channel geometry like a rounded one. More details can be founded in Schlichting and Gersten (1999) . The Von Kàrmàn equations are solved numerically using the semi-empirical Thwaites method (Vilain (2002) ). This method allows to predict the position of the separation point x s , pressure and the thickness δ of the boundary layer, upstream to this specific point.
Experimental Set-up
The relevance and accuracy of these theoretical models for predicting the air flow trough the lips, are evaluated by the comparison with experimental data obtained from measurements on a mechanical replica of human phonatory system (Figure 3 ). • a pressure tank (about 0.6 m 3 ), supplied by a compressor,
• a replica of the vocal folds made of latex tubes filled with water, able to self-oscillate,
• a replica of lips in metal, whose motion of the upper part is controlled by a step motor,
• a metal uniform tube of length 12 cm with an internal diameter of 2.5 cm for modeling the trachea,
• a uniform tube of length 18 cm in metal, including a plexiglass tube of 12 cm length, with the same diameter as the trachea, to represent the vocal tract.
Pressure along replica, is measured in four points using differential pressure sensors. Pressure P 0 , P ′ 1 , P 1 and P 2 = P(x = R) correspond respectively to subglottal, supraglottal, intra-oral and intra-labial pressure. A latex layer of thickness 0.2 mm, is stuck to the mobile part of the mechanical lips to improve air tightness during the closure. The height h ℓ of mechanical lips is measured using an optic sensor. As the optic signal is not a linear function of h ℓ , the sensor is calibrated using a camera in order to extract by image processing, h ℓ from pictures. The calibration consist in a polynomial interpolation of the sensor characteristic. The motion of mechanical lips, imposed by the motor, is sinusoidal-like and h ℓ varies from 0 to 1 mm. Other dimensions of the lips channel are kept constant : L = 2 cm and W = 3 cm.
Results
The relevance of presented theoretical models for modeling flow in the lips channel is evaluated by a comparison between the pressure P 2 measured and the theoretically predicted from P 1 . This measurements are performed in case of an unsteady flow to mimic in-vivo conditions for a vowel-plosive-vowel utterance. Figure 4 presents an example of comparison between prediction of theoretical models and experiment data for a mechanical lips oscillation period T = 0.564 s. We are particularly interested in predicting the pressure in the lips channel during the closure and the opening period. Although Thwaites method is more accurate for h ℓ > 3 mm, Reynolds theory provides good agreement with experimental data for lower apertures. Moreover the boundary layer model fails to predict P 2 for small mechanical lips aperture because under these geometrical conditions, the predicted boundary thickness becomes larger than the height of the channel (δ > h ℓ /2). We can notice that predictions by boundary layer equations are less accurate during the closure than during the opening. This phenomenon might be an unsteady effect due to motion of the lips channel wall.
Comparison between P ′ 1andP1 shows a similar evolution between those pressures, the relative difference is less than 2 %. This result allows us to ignore the viscous losses in the vocal tract and consider further that, in the case of bilabial plosives, supraglottal pressure is equivalent to intra-oral pressure.
EMPIRICAL MODEL OF SUPRAGLOTTAL CAVITY VOLUME EXPANSION
In this experiment, we study the effects of change in supraglottal cavity volume, similar to an expansion of the cheeks during a plosive, on the intra-oral pressure. Measurements on replica allow us to observe this effect, by using a rigid or deformable tube to represent the vocal tract.
Experimental Set-up
The experimental set-up is composed of a high speed video camera (Mikrotron EoSens Cube7), with a sampling rate of 500 Hz and the replica of phonatory system. In this experiment, the two configurations are :
• with a rigid tube made of plexiglass, similar to the one presented in figure 3,
• with a deformable latex tube with a thickness e = 0.2 mm,alengthL t = 7 cm and a diameter equal to 3 cm (latex).
The air pressure supply and vocal folds replica configuration are kept constant between each configuration. The shape of the latex tube is assimilated to a barrel whose revolution axis is parallel to the x-axis. Pictures from video camera allows to extract, using image processing, the diameter ∆y(x) all along the tube. Under the assumption of a revolution symmetry, the volume V t inside the latex tube is given by :
where S int (x) is the internal area section of the latex tube, at the abscissa x. For each picture, the volume V t is computed by numerical integration. In this measurement, the vocal folds replica was not allowed to oscillate. Others parameters are similar to those presented in the previous section.
Data Analysis
A comparison between the pressure P 1 , measured with rigid and with the latex tube, is presented in figure 5 .
As expected the deformation of the walls yields a perturbation of the pressure P 1 .F o ra similar mechanical lips closing motion, increase slop in P 1 is higher with a rigid tube than with a latex tube. A similar effect, less pronounced, can be observed for the decrease of P 1 .T h e evolution of the variation in the tube volume seems to be strongly correlated with the pressure P 1 inside the latex tube.
As a first approximation, we consider that the fluctuation ∆P 1 , due to the walls deformation, is a linear function of dV t /dt. 
NUMERICAL SIMULATIONS
In this section, we present numerical simulation of a vowel-bilabial plosive-vowel utterance. We use the physical modeling synthesizer developed by Vilain (2002) and Ruty (2007) . This temporal simulation is based on a two-dimensional description of the flow, taking into account for the formation of a jet at the glottis and the dissipation by turbulence. The mechanical behavior of the vocal folds is modeled by a two-mass model, in which geometry of the glottal constriction, represented by a plate model, is driven by the position of the masses. In this study, the effect of acoustic coupling with the vocal tract is neglected.
The flow is modeled by the corrected Bernoulli equation, using Reynolds theory of viscous flows. The input parameters of the simulation are subglottal pressure and labial parameters. Subglottal pressure P sub is chosen as a constant equal to the maximum value of IOP measured in-vivo (810 Pa). Labial parameters A s and B s of the simulation are taken from in-vivo measurements using a polynomial interpolation between each data point, since the sampling of the simulation is 30000 Hz.
Simulations of vowel-bilabial plosive-vowel utterance are performed in case of a constant supraglottal cavity volume and in a case where a volume variation is imposed.
Case of a Constant Supraglottal Cavity Volume
Simulation results are presented in figure 6 . Although simulation shows that the behavior of the simulated intra-oral pressure P io is qualitatively similar to the measured one, the simulated increase in P io is significantly higher than the experimental one. At lips opening, a similar effect can be observed, decrease in P io is more abrupt for the simulation. Variations in supraglottal cavity volume appear to be a plausible hypothesis to explain differences in intra-oral pressure evolution.
Case of an Imposed Variation in Supraglottal Cavity Volume
In order to fit the experimental data, McGowan et al. (1995) add a volume velocity in the mouth cavity to model the effects of walls motion, for the simulations of a vowel-plosive-vowel sequences. In this paper, we choose to impose a variation ∆V i in the supraglottal cavity volume. Given a temporal variation in volume, the resulting pressure difference ∆P i is obtained by using the empirical model presented in figure 5 . Different time domain evolutions for the volume of the mouth cavity were tested. The best fit model is presented in figure 7. The predicted P io fits then the experimental data whereas the imposed volume variation seems consistent with the existing literature (Westbury (1983) ).
However, during the opening of the lips, no acceptable fit could be found to explain the measured data. Further research for understanding the aeroacoustic events that could be involved during this opening must be carried out.
CONCLUSION
Lips parameters, acoustical and intra-oral pressure have been measured on a speaker during the production of an /apa/ utterance. Experiments performed on a replica of phonatory system, allow to validate the Bernoulli equation corrected for friction, to predict air flow trough a rounded lips channel. The effects of variation in supraglottal cavity were identified through measurements on the replica using a deformable tube to represent the vocal tract. An empirical model, based on a linear relationship between the temporal variation in volume measured and the resulting pressure difference, is proposed. Numerical simulations for a vowel-bilabial plosive-vowel utterance are achieved by using the corrected Bernoulli equation. For an imposed supraglottal cavity expansion during the lips closure, the empirical model proposed explains the difference between the simulated intra-oral pressure and the measured one. However this model does not explain the evolution of the measured intra-oral pressure during the opening of the lips.
Further work will focus on the modeling of supraglottal cavity expansion by using a mass-spring system to represent the elasticity of the walls.
